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I. INTRODUCTION
Solid-state lighting and display technologies rely on UV/blue GaN LEDs, or in some special cases laser diodes, to optically pump phosphors [1] , [2] . For the purpose of high light quality and/or wide color gamut, a combination of narrow-band red and green phosphors are used [3] . For device processing and operation stability, the phosphors are also required to be heat and water resistant [3] , [4] . However, the very long photoluminescence (PL) lifetime of phosphors precludes their utilization in applications requiring high speed modulation of the light, e.g. visible light communications [5] , [6] .
Colloidal quantum dots (QDs) represent an alternative to phosphors for such applications [6] , [7] . QDs are nanoscale semiconductor crystals [8] with high PL quantum efficiency, narrow emission linewidth and typical luminescence lifetimes 10 3 to 10 5 shorter than those of phosphors [7] , [9] . Perovskite QDs of composition CsPbX 3 (with X a halide ion), demonstrated for the first time 3 years ago [10] , are particularly attractive because they have the fastest dynamics of all known QDs [9] , [11] .
Despite these advantages, QDs have limitations in terms of stability. Several approaches have been reported to improve their thermal stability [12] , [13] , but their sensitivity to oxygen and moisture continues to be a problem and few solutions have been reported to solve them [13] - [15] .
A promising material for narrow-band green color conversion is the so-called CsPbBr 3 @Cs 4 PbBr 6 [16] . It consists of CsPbBr 3 QDs formed within the wide band gap material Cs 4 PbBr 6 , which acts as a matrix for the QDs [17] , [18] . As opposed to colloidal QDs, these CsPbBr 3 QDs are inherently encapsulated in Cs 4 PbBr 6 and have no organic ligands on their surfaces, which is beneficial for thermal and photostability. The band edge emission of such material has been shown to be practically temperature invariant [16] . However, a low cost method to enhance the stability of CsPbBr 3 @Cs 4 PbBr 6 upon water exposure remains a challenge. This work comprises synthesis and analysis of CsPbBr 3 @Cs 4 PbBr 6 crystals, and studies of the luminescence properties of related composite samples when placed in contact with water. A guest-host approach is chosen and two different polymeric materials are studied for the matrix host: poly(methyl methacrylate) (PMMA) and polydimethylsiloxane (PDMS).
II. MATERIALS AND METHODOLOGY

A. Synthesis of Caesium Lead Bromide Crystals
Stoichiometric amounts of caesium bromide and lead bromide at a 4:1 mole ratio were dissolved together in a minimum quantity of dimethylsulfoxide solvent for the CsPbBr 3 @Cs 4 PbBr 6 preparation. This precursor solution was placed in an open inner vial inside a sealed outer jar containing chloroform. Vapour diffusion of the chloroform into the metal salt solution was complete over about 24 hours and caused formation and precipitation of the crystalline solids. This method follows previously reported preparations, but with chloroform acting as an antisolvent [16] . The collected crystals, with sizes ranging from a few hundreds of µm to mm, were washed with chloroform and dried under atmospheric pressure at 60 ºC (Fig. 1) . Manual grinding was done with an agate pestle and mortar. 
B. Preparation of Composites
Two PMMA samples were fabricated by dissolving and stirring PMMA (Sigma-Aldrich) in toluene, together with ground CsPbBr 3 @Cs 4 PbBr 6 . A mass ratio of 3:1 was used for PMMA and crystals. The solvent was left to evaporate over time, under atmospheric pressure and temperature. One of the PMMA samples, a slab with a thickness of approximately 1 mm, was tested as it was after the PMMA polymerization (PMMA slab). The second sample, also a slab with a thickness of approximately 1 mm, was additionally encapsulated in PDMS (PMMA slab encapsulated in PDMS).
Two further PDMS samples were prepared by stirring PDMS (Sylgard 184, Dow Corning) with ground CsPbBr 3 @Cs 4 PbBr 6 . A mass ratio of 3:1 was used between PDMS and crystals, and a mass ratio of 5:1 between elastomer and curing agent. These composites were cured at 60°C. One of the samples was moulded in the shape of a slab, approximately 1mm thick (PDMS slab), and the other in the shape of a thicker composite, approximately 3mm thick (PDMS thick). Crystal sedimentation was observed during the preparation of PDMS samples. This led to a heterogeneity in the concentration of CsPbBr 3 @Cs 4 PbBr 6 in the PDMS slab and to a lower concentration of CsPbBr 3 @Cs 4 PbBr 6 in the PDMS thick sample.
C. Phase Analysis of Perovskite Crystals
X-Ray Difraction (XRD) analysis was performed on ground CsPbBr 3 @Cs 4 PbBr 6 crystals using a Bruker D8 Discover diffractometer (GX000915), and copper radiation at a wavelength of 1.5406 Å.
D. Characterization of Composites
A 100×100 µm 2 450 nm-emitting LED was used as pump source to measure the PL of all composites. Two sets of two lenses each (aspheric lenses, Numerical Aperture, NA=0.621 and diameter of 45 mm, Thorlabs) were used to, respectively, image the LED light onto the samples, and to collect the composite's emission onto the detector. A fiber-coupled CCD spectrometer (Ocean Optics, USB 4000; resolution: 2 nm at full width half maximum) was used to acquire the emitted spectral data.
The absorbance was measured by replacing the pump source in the previously described setup by a tungsten halogen lamp (Ocean Optics, HL-2000). Blank composites (i.e. with no CsPbBr 3 @Cs 4 PbBr 6 crystals) of PDMS and PMMA were used as reference samples. Fig. 2 shows a powder diffraction pattern from a ground portion of the CsPbBr 3 @Cs 4 PbBr 6 crystal preparation with nominal Cs 4 PbBr 6 stoichiometry, compared with a stick-plot representation of the literature pattern of rhombohedral Cs 4 PbBr 6 [16] . A log scale has been used for clear presentation of weaker peaks. Positions of stronger peaks from our preparation match those expected from the Cs 4 PbBr 6 phase, although there is evidence of preferred orientation effects on relative peak intensities, and one peak attributable to CsBr starting material. Fig. 2 is also labelled with peak positions calculated for cubic, perovskite-phase CsPbBr 3 with a lattice constant of 5.84 Å, and there are clear matches for the 100, 110 and 210 reflections. The CsPbBr 3 111 reflection cannot be observed, but is weak in reported powder patterns of bulk material [19] . The findings just discussed are consistent with those of previous authors who have presented XRD evidence for spontaneous formation of CsPbBr 3 nanocrystals within a bulk crystalline Cs 4 PbBr 6 host, and attributed green luminescence to this nanophase [16] - [18] . 
III. RESULTS AND DISCUSSION
A. XRD on CsPbBr 3 @Cs 4 PbBr 6 crystals
B. Polymer/CsPbBr 3 @Cs 4 PbBr 6 Composites
Four different samples, using PMMA or PDMS host matrices, had their PL and absorbance measured before full immersion in deionised water. The PL spectrum of each sample prior to immersion in water can be seen in Fig. 3 . There are differences in the initial maximum intensity peaks and respective emission wavelengths between samples. This is explained by intrinsic variations in the concentration of CsPbBr 3 @Cs 4 PbBr 6 crystals and the different thickness of samples. Because the intrinsic PL overlaps with the absorption spectrum, such differences lead to different amounts of reabsorption, hence different intensities and red shifts in the PL spectrum. The PDMS thick, which has the least re-absorption, has a PL peak very close to the intrinsic CsPbBr 3 emission at 520 nm. The typical PL linewidth is 17 ± 2 nm at full width half maximum. PL and absorbance acquisitions were repeated 1, 4 and 72 hours after the samples had been thoroughly stirred underwater. The PL intensity of PMMA composites was constant over time, and its subsequent encapsulation with PDMS showed little to no extra improvement (Fig. 4) .
On the other hand, the PDMS samples showed an adverse effect as seen from the PL characteristics after exposure to water. After 4 hours underwater, the PDMS slab (PDMS thick) had its PL intensity reduced by almost two orders (one order) of magnitude. These results suggest that water was able to reach and affect most of the crystals in the PDMS samples, despite the hydrophobicity of PDMS.
The shifts of the PL peak wavelength and of the absorption spectrum after 1, 4 and 72-hour-immersion (with respect to the data before immersion) are plotted for all samples in Fig. 5 . The PL and absorption of PDMS samples red shifted by approximately 8 nm. This is significant and indicates a reduction of the confinement of the CsPbBr 3 QDs. Although superficially suggestive of an increased particle size of the CsPbBr 3 QDs, other possibilities are compositional changes to their surface layers and/or adjacent Cs 4 PbBr 6 host material. There is a smaller shift for the PMMA samples (1 to 3 nm), very close to the measurement error.
As the wavelength increases, the absorbance decreases for all samples. Its magnitude, however, suggests that samples show scattering, and they become even more strongly scattering after being put into water.
This increase in absorbance after being in contact with water, and a red shift of the emission spectrum, suggest that samples underwent substantial physical and chemical changes while exposed to water. While these effects are negligible in PMMA, PDMS samples presented a significant drop in their PL. A possible explanation might arise from the differences in polymer chain arrangements and consequent water sorption properties between PDMS and PMMA. While PMMA has predominantly linear chains, and forms a dense, glassy microstructure after solvent evaporation, the PDMS used is engineered to partially cross-link during curing, to give an elastomeric end product [20] , [21] . This characteristic of PDMS appears to give a microstructure allowing more permeation of water into the composites, and degradation of the luminescent CsPbBr 3 QDs. Water permeation in the two polymer hosts have been extensively studied in other contexts, and there is quantitative support for these findings on the relative properties of PDMS [20] and PMMA [22] . The PL variations over time (Fig. 4 ) are in agreement with the thickness of the polymer host matrix, and the relative permeability to water just proposed. The PDMS slab thickness was small enough to have most of its content of luminescent crystals affected, and its intensity reduced by two orders of magnitude. The PDMS thick had its PL peak decreased by one order of magnitude, suggesting that the innermost crystals were more protected against water. PMMA samples showed little to no fluctuation on their maximum intensity PL peaks. Such results suggest that only the crystals exposed on the surface the samples might have been affected, and that crystals are better protected against water when embedded in PMMA. 
IV. CONCLUSIONS
Motivated by their low manufacturing cost and simple processing, PDMS and PMMA were tested and studied as host matrices for the CsPbBr 3 @Cs 4 PbBr 6 crystals synthesized in this work.
The PDMS samples were not stable upon immersion in water. This finding indicates that water was able to reach the guest CsPbBr 3 @Cs 4 PbBr 6 crystals. On the other hand PMMA composites showed little to no trace of degradation when immersed in water under vigorous stirring for up to 72 hours.
PMMA was found in this work to be an effective matrix host for CsPbBr 3 @Cs 4 PbBr 6 . Its encapsulation properties show potential for macrosized industrial applications, such as color conversion, where the degradation at the surface is mitigated by the extremely low water penetration depth, and the volume of the composite itself. This polymer matrix approach to minimise moisture-sensitivity should therefore enable the utilisation of the attractive fast color converting properties of CsPbBr 3 @Cs 4 PbBr 6 for practical applications, such as underwater communication. 
